The Clostridium acetobutylicum glutamine synthetase (GS) DNA region is 
RNA transcripts by fivefold.
The regulation of glutamine synthetase (GS; EC 6.3.1.2), which catalyzes one of the main reactions by which ammonia is assimilated, has been extensively studied in the enteric bacteria (24) and in the aerobic sporeformer Bacillus subtilis (24, 30, 31) . However, comparatively little is known about the regulation of GS in the anaerobic sporeformer Clostridium acetobutylicum. Previously we reported the cloning and expression of the C. acetobutylicum ginA gene in an Escherichia coli glnALG mutant (30) . There was no evidence for a global ntr system, and the GS enzyme was not regulated by adenylylation. Regulation of GS activity in C. acetobutylicum is interesting and novel in that it appears to involve an antisense RNA (13, 14) . The glnA structural gene of 1,332 nucleotides encodes a GS protein of 444 amino acids (Mr 49,630) and is expressed from two upstream functional promoter sequences (P1 and P2) (Fig. 1) . The upstream regulatory region was previously shown to contain a complex palindromic sequence immediately upstream of P1. Immediately downstream from the glnA stop codon is an extensive stretch (158 nucleotides) of inverted repeat sequences (13, 14) . A third, downstream functional promoter sequence (P3) oriented toward the glnA gene controls the transcription of a putative antisense RNA, complementary to a 43-base region of the 5' end of the glnA mRNA which includes the ribosome binding site and the glnA initiation codon (Fig. 1 ). P3 iS situated 227 to 257 nucleotides from the 3' end of the glnA structural gene (Fig. 1) . We report here the identification of the predicted 43-base antisense RNA in C. acetobutylicum and E. coli cells containing the cloned glnA DNA. Studies on the regulation of the expression of this antisense RNA implicate it in the regulation of GS activity. 
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . E. coli strains were grown in LB medium or M9 minimal medium (19) supplemented with the appropriate amino acids and antibiotics. C. acetobutylicum cells were grown under anaerobic conditions in Clostridium basal medium (22) or glucose-mineral salts-biotin medium (GSMM) (10) modified as follows: the published nitrogen source was omitted, and the nitrogen-free medium was supplemented with 0.1% glutamine (nitrogen-limiting medium) or with 0.1% glutamine plus 0.1% (NH4)2SO4 (nitrogen-rich medium).
Preparation of nucleic acids. Plasmid DNA was prepared by the method of Ish-Horowicz and Burke (12) . RNA from C. acetobutylicum and E. coli was extracted by the method of Aiba et al. (1) and stored at -70°C in 70% ethanol.
Plasmid constructions. Plasmid pGlnl300 (13) contained the C. acetobutylicum P262 glnA structural gene, approximately 1,300 bp of upstream sequence, and 614 bp of downstream sequence that included P3 and the antisense RNA coding region. Plasmid pGlnl300 was the source of DNA for the plasmid constructs (Fig. 2) . pDR7 was constructed by deleting 480 bp from the downstreamglnA region in pGlnl300, including the antisense RNA coding region and P3. pTS-1 contained a SmaI-XbaI fragment from pGlnl300 subcloned into the HindII site of plasmid pACYC177. pJP4 carried a 728-bp XbaI-HindIII fragment from pGlnl300 subcloned into the XbaI-HindIII sites of pUC13. This region included 111 bp of the 3' end of the glnA gene, the antisense RNA coding region, and P3. pSPgln700 contained an internal HindIII-EcoRI glnA fragment cloned into pSP64. pSPAS was obtained by subcloning the XbaI-HindIII fragment of pGlnl300 into pSP64. Plasmids pSPgln700 and pSPAS were used to generate single-stranded RNA probes for the RNase (17) .
RNase protection assay. pSPgln700 and pSPAS were used as DNA templates for the synthesis of the internal ginA and the antisense single-stranded RNA probes, respectively. SP6 RNA polymerase was used to generate [ot-32P]UTP-labelled RNA probes by in vitro transcription, using the Maxiscript SP6 in vitro transcription kit supplied by Ambion, Inc., Austin, Tex. The hybridization of the RNA probes with total RNA extracted from E. coli and C. acetobutylicum and the RNase digestion of hybridized RNAs were performed according to the procedures described by the Ambion Ribonuclease Protection Assay kit (Ambion, Inc.). X DNA digested with PstI endonuclease or pBR322 digested with MspI endonuclease was used as standard DNA for size determinations.
Molecular titration assay. The previously described singlestranded RNA probes were used in tracer-excess titrations to quantify the number of glnA mRNA and antisense RNA transcripts (16 the RNA probe in excess of the target RNA species and increasing amounts of input cellular RNA. Hybridizations and RNase digestions of the protected fragments were performed as described for the RNase protection assay; these procedures were followed by precipitation in 0.5 M sodium phosphate buffer, pH 7.0. The data were expressed as RNase-resistant counts per minute versus total RNA input. The slopes of the lines from the data were used to calculate the relative transcript prevalence of the glnA mRNA and antisense RNA, after correcting for the specific activity and the length of the hybridizable portion of each RNA probe. Enzyme assays. GS activity was determined by the -y-glutamyl transferase assay according to Shapiro and Stadtman (26) . Total protein was determined by the method of Bradford (4). Cells were harvested by centrifugation and washed with 0.8% NaCl. Hexadecyltrimethylammonium bromide (1 mg/ml) was used to inhibit growth and render the cells permeable (2) . Assays were performed at room temperature.
RESULTS
Identification of antisense RNA. C. acetobutylicum DNA of 700 bp containing the antisense DNA region was subcloned downstream of the SP6 promoter in plasmid pSP64, creating pSPAS (Fig. 2) . This plasmid was used for the synthesis of a single-stranded RNA probe complementary to the antisense RNA. RNase protection assays using this RNA identified a protected RNA fragment in C. acetobutylicum P262 (Fig. 3 ) and NCIB8052 (results not shown) cells. Molecular size determination of the protected antisense RNA transcript, using pBR322 digested with MspI endonuclease as standard size markers, indicated that the protected RNA fragment consisted of 43 bases (Fig. 3) . The antisense RNA probe was specific for the antisense RNA and did not hybridize with any other cellular RNA produced by C. acetobutylicum.
To determine whether this antisense RNA was expressed in E. coli, a YMC11 strain which was deleted of the glnALG region (7) was transformed with pGlnl300 and pDR7 (Fig. 2) . Antisense RNA was detected by the RNase protection assay in E. coli YMC11 cells containing pGlnl300, which has the entire C. acetobutylicum g1nrA region, including the antisense RNA coding region and P3 (Fig. 4) . E. coli YMC11 cells containing pDR7, which has the C. acetobutylicum glnA gene but lacks the antisense coding region and P3, did not produce antisense RNA (Fig. 4) .
Activity of C. acetobutylicum GS in E. coli. Previously we reported that the initiation of transcription of the C. acetobutylicum antisense RNA in E. coli was not regulated by nitrogen (14) . We therefore investigated the effect of antisense RNA on GS activity in E. coli, using high-and low-copy-number plasmid constructs which express different amounts of antisense RNA in E. coli cells. E. coli YMC11 cells containing pGlnl300, which has the entire C. acetobutylicum glnA region, including the antisense RNA coding region and P3, produced approximately twofold less GS in LB medium than did E. coli cells containing pDR7, which has the ginA gene but lacks the antisense RNA coding region and P3 (Fig. 4) .
In another experiment involving overproduction of antisense RNA, E. coli cells containing pTS-1, which has the entire glnA region on a pACYC177-based low-copy-number plasmid, produced approximately 25% less GS in minimal medium with limiting nitrogen when additional copies of the antisense RNA and P3 region were introduced in trans on the pUC13-based high-copy-number plasmid pJP4 (results not shown). The ratio of the copy number of pJP4 to that of pTS-1 was assumed to be about 10 to 1, as determined from the relative copy numbers of the parent plasmids (6, 18) . Regulation of GS activity in C. acetobutylicum. Before an analysis of glnA gene expression could be carried out in C. acetobutylicum, it was necessary to develop a minimal medium with either limiting or high nitrogen levels which resulted in the induction and repression, respectively, of GS activity. High levels of GS activity in C acetobutylicum P262 were obtained in GSMM-0.1% glutamine (Fig. 5) . Growth of C. acetobutylicum P262 in GSMM-0.1% glutamine-0.1% (NH4)2SO4 resulted in repression ratios which varied from 1.6 to 9.0, depending on the sampling time.
Regulation of GS activity, glnA mRNA, and antisense RNA transcription in C. acetobutylicum. A molecular titration assay based on the RNase protection assay (16) was used to determine the transcript prevalence levels of glnA mRNA and antisense RNA in C. acetobutylicum cells grown for 72 h in GSMM-0.1% glutamine (nitrogen limiting) and GSMM-0.1% glutamine-0.1% (NH4)2SO4 (nitrogen rich). Higher levels of glnA mRNA were produced in GSMM-0.1% glutamine (Fig. 6 ) than in GSMM-0.1% glutamine-0.1% (NH4)2SO4. The relative number of glnA mRNA transcripts was reduced by approximately 25% in nitrogen-rich conditions.
The transcription of C. acetobutylicum antisense RNA was differentially regulated by nitrogen in comparison with the regulation of glnA mRNA. Sixfold-higher levels of antisense RNA were detected in cells grown in nitrogen-rich medium than in cells grown in nitrogen-limiting medium. The number of transcripts of antisense RNA relative to the number of glnA mRNA transcripts was found to be 1.63 in nitrogen-rich medium and 0.21 in nitrogen-limiting medium (Fig. 6b) .
GS activity was determined in the C. acetobutylicum cells from which the mRNA and antisense RNA were isolated. In the cells grown for 72 h in nitrogen-limiting and nitrogen-rich media, GS activities were 0.57 and 0.17 ,umol of -y-glutamyl hydroxymate per mg of protein per min, respectively (repression ration of 3.4) (Fig. 6 ).
DISCUSSION
Nucleotide sequencing of the C. acetobutylicum glnA region revealed the presence of the putative promoter P3 controlling the production of a putative antisense RNA (13) . Experiments with a promoter probe vector and primer extension experiments indicated that P3 was functional in C. acetobutylicum and in E. coli strains containing the cloned glnA region (13, 14) . Expression of the predicted antisense RNA in C. acetobutylicum P262 and NCIB8052 and E. coli strains containing the cloned ginA region has been demonstrated, and the 43-base antisense RNA was detected in the cells. The glnA antisense RNA therefore has the properties characteristic of antisense RNA. It is a small (43-base) untranslated RNA that is complementary to the 5' end of the glnA mRNA, including the Shine-Dalgarno and initiation codon sequences. It is not encoded by the glnA gene but is encoded by a closely linked downstream DNA region transcribed in the opposite direction to the glnA gene. The C. acetobutylicum glnA antisense RNA appears to be the second example of an antisense RNA that does not originate from the 5' end of the target gene. However, unlike ompF and micF RNAs (20) , which are located 27 min apart, the glnA antisetise RNA is located adjacent to the target gene.
The RNA-RNA intermediates (8, 11, 27) . The expression of high levels of antisense RNA is associated with a decrease in gene expression. In E. coli cells containing the C. acetobutylicum glnA gene and antisense RNA coding region, it appeared that the antisense RNA was acting as an inhibitor of glnA gene expression. E. coli cells containing pGln1300, which encodes both g1nA mRNA and the antisense RNA, produced less GS than did E. coli cells containing pDR7, which lacked the antisense RNA and P3 region and thus could produce only glnA mRNA. Antisense RNA was detected in E. coli(pGlnl300) cells but was not present in E. coli(pDR7) cells. Expression of antisense RNA by a compatible highcopy-number plasmid in trans resulted in the decrease of GS activity in E. coli cells containing the entire glnA region on a low-copy-number plasmid. Previously we showed that an up-promoter mutation in P3 resulted in lower levels of GS activity in E. coli cells (14) . Although antisense RNA had a role in inhibiting GS expression in E. coli cells containing the C. acetobutylicum glnA gene and antisense RNA coding region, the transcription of antisense RNA by P3 was not affected by the nitrogen content of the medium.
Since E. coli is a heterologous host and since P3 was not regulated by nitrogen in E. coli, the regulation of C. acetobutylicum GS was studied in the original host. A prerequisite for these studies was the development of a defined minimal medium in which C. acetobutylicum GS activity was present at high levels in GSMM-glutamine but repressed in GSMMglutamine-(NH4)2SO4.
Transcription of antisense RNA was differentially regulated by nitrogen in comparison with the regulation of glnA mRNA and GS activity. In C acetobutylicum cells grown in the nitrogen-rich medium, there were 1.6-fold more antisense RNA transcripts than glnA mRNA transcripts. However, in cells grown in the nitrogen-limiting medium, the number of glnA mRNA transcripts exceeded antisense RNA transcripts by fivefold. Since high levels of antisense RNA were associated with low levels of GS activity and glnA mRNA, and vice versa, the characteristics of antisense RNA expression fit with its role as an inhibitor of gene expression. An excess of antisense RNA is required to downregulate gene expression, and under conditions that repress GS activity, the antisense RNA was in 1.6-fold excess overglnA mRNA.
The promoters controlling C. acetobutylicum glnA mRNA (P1 and P2) and antisense RNA (P3) transcription are similar and contain -10 and -35 RNA polymerase binding consensus sequences. All three promoters also contain extended promoter consensus sequences involving the -45 and -5 regions, which have been reported to be a feature of the promoter sequences of gram-positive bacteria (9, 13) . Although these three promoters are similar, they are differentially regulated by nitrogen. To account for this differential regulation of apparently similar consensus promoters by nitrogen, it is likely that additional regulatory elements are involved.
The sequences upstream of P1, P2, and P3 were searched for representative operator sequences utilized by proteins containing the ax helix-turn-a helix structure (TNTNAN-2-5N-NTNANA) (30) . Upstream (136 nucleotides) from P1 is such an operator sequence (TGTAAT-5N-ATGAGA). This sequence is very similar to the operator sequences upstream of B. subtilis glnRA and amyR, B. cereus glnA, and E. coli lac and gal genes (TGTNAN-2-5N-NTNACA) (21, 25) . No convincing operator sequences were located upstream of P3. Further experiments are required to show the presence of regulator-encoding genes which are involved in the differential control ofglnA mRNA and antisense RNA transcription.
